Introduction
Zinc oxide (ZnO) is an attractive material particularly in the area of electronics, photonics, acoustics and sensing. ZnO having a wide-bandgap (E g ¼ 3.37 eV) energy is a transparent semiconductor to visible light that is appropriate for short wavelength optoelectronic applications and has a large exciton binding energy (60 meV) which allows efficient excitonic emission at room temperature (RT).
1 ZnO nanostructured materials have attracted considerable interest from scientists because of their remarkable performance in a broad range of high technology applications such as surface acoustic wave lters, 2 photonic crystals, 3 photodetectors, 4 light emitting diodes, 5 photodiodes, 6 gas sensors, 7 optical modulator waveguides, 8 room-temperature ultraviolent (UV) lasers 9 and solar cells.
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There are several techniques to synthesize ZnO nanocrystals such as sol-gel processing, 12 high-energy 13 and cryogenic ballmilling, 14 microwave-assisted synthesis, 15 wet chemical, 16 hydrolysis/condensation, 17 aerosol spray analysis 18 and hydrothermal synthesis. 19 Among these techniques, hydrothermal synthesis of growing ZnO nanocrystals has gained immense popularity because it is a cheap and easy method and does not need necessarily complex devices. 20 Intrinsic defects in ZnO material can be listed as follows: zinc vacancy V Zn , oxygen vacancy V O , interstitial zinc Zn i interstitial oxygen O i , and antisite oxygen O Zn . Because of the recombination of free excitons ZnO exhibits one typical emission peak in the UV-region and one or more defect-related emission peaks in the visiblelight region. 21 The origin of defect-related emission is still not very well understood and it is controversially discussed in literature. [21] [22] [23] There are common hypothesis to explain the different defect emissions (violet, blue, green, yellow and orange-red) but the chemical natures of the defects responsible for these emissions are still missing. For example, it is attributed that the yellow emission caused by oxygen interstitial defects. The presence of Zn(OH) 2 at the surface possibly occurs weak UV and the strong visible (broad yellow and green) emission peak. In addition, the orange-red emission (640-650 nm) is commonly attributed to the presence of excess oxygen in the samples (oxygen interstitial defects) 24 or surface dislocations 25 or zinc interstitial. 26 Recently, Motaung et al. nicely showed that zinc and oxygen related defects play a crucial role in mediating ferromagnetism in the undoped ZnO. 18 On the other hand doping ZnO with transition metal elements like Fe, Co, Mn or Cr leads to materials with entirely different behavior towards magnetic and optical excitation. This new research direction is named as diluted magnetic semiconductors (DMS). 16 Due to lack of advanced electron paramagnetic resonance (EPR) studies and insufficient characterization of the materials there is ongoing controversy 28, 33, 34 regarding the magnetic properties of ZnO based DMS. We believe that this study may contribute to the magnetic studies as complementary information. Here, magnetic properties of ZnO were excluded and we focused on more to the synthesis and characterization of the electronic and thermal properties. More specically, we are scoping not only to understand structural changes in ZnO via Mn doping but also investigate the changes of local environment of doped ion Mn 2+ . Moreover, it is expected to get kinetic information about the structures by the aid of detailed thermal analysis. microscopy (FE-SEM) images were recorded using a Zeiss/Supra 55 FE-SEM, and the samples were coated with Pt before the FE-SEM measurements. TEM images of Mn doped ZnO nanopowder were recorded using a JEOL-JEM-1011 transmission electron microscope (Jeol LTD., Tokyo, Japan), and pictured by Megaview III digital camera (Olympus So Imaging Solutions GmbH, Munster, Germany). Before the TEM pictures were recorded, the nanopowder was dispersed in ethanol and placed on a 300 mesh formvar-coated copper grid and nally dried in open air. The TEM microscope was operated at an accelerating voltage of 100 kV. The elemental analyses of the Mn doped ZnO nanopowders were carried out by Energy Dispersive X-ray (EDX) spectroscopy technique. The spectra were collected using Zeiss, SUPRA-55 FE-SEM equipped with an Energy Dispersive X-ray Spectrometer. Furthermore, considering the typical detection limit for EDX, the Mn concentration was also determined by using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500ce (Tokyo, Japan)). For ICP-MS measurements, the Mn : ZnO nanopowders were dissolved using the mixture of acid solution (3 mL of HCl 37% + 1 mL of HNO 3 65%). The EDX diffractograms and the elemental percentage of Mn, and the results of the ICP-MS are given as ESI (Table S1 †) . X-band (9.47 GHz) and Q-band (34.2 GHz) continuous-wave EPR measurements were done with Bruker EMX and ESP380 spectrometers, respectively, using rectangular TE102 (X-band) and dielectric-ring TE011 (Qband) resonators (both from Bruker) at RT. The off-set in magnetic-eld were determined with polycrystalline DPPH (2-diphenyl-1-picrylhydrazyl) of known g-factor (g ¼ 2.0036).
Experimental section

Results and discussion
Structural analysis of the ZnO and ZnO : Mn nanopowders
The XRD patterns of the ZnO nanopowders produced for various growing time and Mn 2+ doping levels are shown in It is obvious that the sharp diffraction patterns indicates the well crystalline structure for ZnO and ZnO : Mn samples. All the patterns of ZnO were indexed to hexagonal wurtzite structure with the space group of P6 3 mc (186) (JCPDS no.: 36-1451). The lattice parameters (a, c) of the ZnO nanopowder were calculated using the XRD data along with Bragg law (2d sin q ¼ nl) (n ¼ 1; l is the wavelength of incident X-ray used) and following formula, which is dened for hexagonal phase:
where d is the distance between two different planes and (hkl) are the Miller indexes. The calculated values were listed in Table  1 .
The crystallinity of the powder increases with increasing growing time, as it is clear to see that the diffraction peaks become sharper. The (101) direction is the most preferred direction for all the samples except for the sample prepared for 36 h. The 36 h sample was grown with the preferred direction of (002) and showed the highest intensity in this series. The crystallite size of the samples was determined from X-ray diffraction data where we prefer to use the standard (100) reection at around 2q ¼ 31.90 because of its highest intensity. We apply the Scherrer's formula 38 in order to quantify the average crystallite size of nanopowders.
The calculated crystallite sizes are 30 nm, 33 nm, 36 nm, 39 nm and 51 nm for 1 h, 6 h, 12 h, 24 h and 36 h, respectively. Thus, the crystallite size of ZnO increases upon growing time increases.
The crystal structure of Mn 2+ doped ZnO was also characterized via XRD pattern and are shown in Fig. 1(c) and its expanded view of (100), (002) and (101) peaks in Fig. 1(d) . The diffraction peaks of Mn 2+ doped ZnO were also indexed to hexagonal structure without any impurity peaks (JCPDS no.: 03-0888). It is revealed that the wurtzite structure is not affected by Mn 2+ doping. The unit cell parameters were calculated and given in Table 3 .
Thermal analysis of the ZnO : Mn nanopowders
The thermal properties of Mn-doped ZnO nanopowder (X2, X3, X4, X5, X6 and X7) were studied by thermogravimetric analysis from an ambient temperature up to 700 C under nitrogen atmosphere. The TG/DTA curves of all samples are shown in Fig. 3(a) and (b) .
The thermal decompositions of all compounds occur step by step. The TG/DTA curves of X2 are shown in Fig. 3 sample is greater than others (X3-X7). The Mn doped ZnO samples (X3, X4, X5, X6 and X7) show similar decomposition characteristics: the rst decompositions are shown with weight loss of 1.75% for X3, 1.16% for X4, 2.4% for X5, 2.36% for X6 and 2.36% for X7, respectively from room temperature to the range of 477-486 C are mainly due to the removal of physically and chemically adsorbed water, the decomposition of the hydroxide group on the surface of the nanopowder.
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The second decompositions are observed with weight loss of 0.4% for X3, 0.42% for X4, 0.43% for X5, 0.4% for X6 and 0.39% for X7 from 330 to 700 C. The observed weight losses are due to the decomposition of PEG and other impurities. The DTA curves of X3-X7 show wide endothermic peaks between 30 C and 250 C which demonstrate that the decomposition of OH À groups and the removal of adsorbed water. The others are attributed to the decompositions of PEG and impurities. The TG results indicate the presence of PEG on the sample surface. These results are consistent with given earlier FT-IR results.
Kinetic analysis of the ZnO : Mn nanopowder
The activation energies of all compounds were calculated except of the last stages. Kinetic investigation of the last decomposition stages cannot be realized due to the fast reaction and irregular temperature data. 47 The Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods which are well known as model free isoconversional methods were used to calculate the activation energies of the compounds. The main assumption of these methods is that the reaction mechanism does not change with reaction conversion (a), temperature and heating rate. The nal equations of these methods are given in following: [48] [49] [50] FWO equation:
and KAS equation:
where, a is the degree of conversion, A is the pre-exponential factor, b is heating rate, T is absolute temperature, E a is the activation energy, g(a) is an unknown function of the conversion, and R is the gas constant. The graphs of ln b versus 1/T (for 41 The E a values obtained using the FWO methods are higher than that of obtained using KAS method. The E a versus a graphs for all compounds based on model-free KAS and FWO methods are shown in Fig. 4 .
The E a values of the X2 increase up to a ¼ 0.1 and remain relatively constant in the conversion degree between 0.1 and 0.95. So it can be said that there is only one dominant kinetic process in these range of a. kinetic processes for X3 to X7. All results are summarized in Table 4 .
Elemantal and microstructure analysis of the ZnO and ZnO : Mn nanopowders
The features of nanomaterials are strongly affected by the chemical composition. The EDX results show chemical composition of the nanoparticles and presence of manganese content (Fig. S1 †) . The ICP result revealed that the amount of manganese which was incorporated into the ZnO crystal lattice increases proportionally with the amount used in the preparation step for each samples as it was summarized in ESI (Table  S1 †) . Field emission-scanning electron microscopy (FE-SEM) was used to examine the morphology of the nanopowder. FE-SEM images of the ZnO nanopowder synthesized for different time durations by using hydrothermal method are shown in the Fig. 5 .
The powder morphology revealed more or less nanorod shape. The lengths of the nanorods are in the scale of the micrometers (1-7 mm) and their diameters are in the range of 100 to 200 nm. The ZnO nanorods obtained at 1 h time duration are in the pyramid-like structure, whereas the ones obtained at 6 h, 12 h and 36 h are in the nanoneedle form. Finally those synthesized at 24 h are in the form of nanorods. On the other hand, macroscopic images show that generally ZnO nanorods are indeed in the ower-like structure. Fig. 6 shows typical FE-SEM images of the samples synthesized with different concentration of Mn ranging from 5 Â 10 À4 mol to 250 Â 10 À4 mol. a large quantity of well-dispersed rods structures. The images show an abundance of nearly owerlike particles of undoped and Mn-doped ZnO nanorods. It can be seen that Mn doping in ZnO nanorods seems to have small inuence on size and the morphology of the as-synthesized samples. Fig. 7 shows the TEM images of the samples synthesized in different concentration of Mn 2+ ranging from 5 Â 10 À4 mol to 250 Â 10 À4 mol. As it is mentioned before, the FE-SEM images show that the Mn doped ZnO includes both nanoneedles and nanorods structure. The TEM images conrm that this nanopowder was formed mainly in nanorods shape. The diameters of the nanorods are getting smaller along the edge of the rods. It is possible to control the morphologies such as owerlike, spindlelike, swordlike or umbellarlike structure of ZnO by controlling the reagents used. EPR spectroscopy was applied to investigate the inuence of the growing time and the Mn concentration on the electronic properties of ZnO samples. The spin-Hamiltonian concept is applied for the theoretical description of the observed EPR spectra. Details of the theoretical background of Mn doped metal oxide has been described by us elsewhere. [51] [52] [53] [54] In Fig. 8 (a) . This shows that 1 h hydrothermal treatment is not enough to reach the formation energy of defects to form intrinsic defects in ZnO crystal. From the X band results the linewidth multiplied by peak area has been calculated and we observed increase of defect concentration by growing time (Fig. 8(c) ). The linewidth increase given in Fig. 8 (c) can be also attributed to a distortion of crystal eld. That shows also the continuous broadening of the EPR lines by increasing hydrothermal treatment time is due to exchange effects. The effects of the growing time on the crystallite size and EPR linewidth are compared in the Fig. 8(c) . We conclude that increasing the growing time increases the crystallite size, and further the defects. It is shown in Fig. 9 that the Mn doped samples revealed typical hyperne resolved sextet line in X5, X6 and X7 samples in Q band spectra. That is an indication that below some certain Mn concentration the Mn 2+ ions still not incorporating at the ZnO lattice. Due to spin-spin interactions the highest Mn concentrated (X7) sample revealed line broadening compare to X5 and X6. The sample X4 shows the competition between intrinsic and extrinsic defects. It is seen that intrinsic defects still dominate to EPR signal even doping by Mn 2+ ions. It is known that the defects in crystals particularly on the surface play an important role for catalytic activity.
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Conclusions
In this work undoped and doped ZnO nanorods have been synthesized and the structural, thermal and electronic properties were investigated with several methods. We found that crystal structure is pure and Mn ions incorporated in ZnO lattice aer certain concentration values. TEM results revealed nicely resolved homogeneously distributed rod shape ZnO nanostructures. By the thermal analysis decomposition of ZnO has been investigated by using two different semi-empirical models. FT-IR results revealed all vibrational modes and these results are totally in agreement with the EPR results. Modications in crystal structure can be attributed to either intrinsic defects such as oxygen vacancies and Zn vacancies or also the external doping ions Mn
2+
. The oxidation state of Mn ion also determined as 2+ via EPR spectroscopy. Competing effects between intrinsic and extrinsic defects has been investigated and this will contribute to not only to understand the local coordination of Mn 2+ ions in ZnO lattice but also to determine the solubility limit of Mn
ions. 57 The change in the crystallite size and EPR linewidth deduced from X-band spectra upon growing time are compared and correlated. It is observed that both are increased by growing time which is a clear indication of symmetry reduction by increase level of Mn concentration. Also this shows strong spinspin exchange interaction at higher level of Mn doping. Moreover the intrinsic defects such as vacancies observed in undoped ZnO EPR spectra is quenched via Mn doping.
